The novel transmembrane G protein-coupled receptor, trace amine-associated receptor 1 (TAAR1), represents a potential, direct target for drugs of abuse and monoaminergic compounds, including amphetamines. For the first time, our studies have illustrated that there is an induction of TAAR1 mRNA expression in resting T lymphocytes in response to methamphetamine. Methamphetamine treatment for 6 h significantly increased TAAR1 mRNA expression (P , 0.001) and protein expression (P , 0.01) at 24 h. With the use of TAAR1 gene silencing, we demonstrate that methamphetamineinduced cAMP, a classic response to methamphetamine stimulation, is regulated via TAAR1. We also show by TAAR1 knockdown that the down-regulation of IL-2 in T cells by methamphetamine, which we reported earlier, is indeed regulated by TAAR1. Our results also show the presence of TAAR1 in human lymph nodes from HIV-1-infected patients, with or without a history of methamphetamine abuse. TAAR1 expression on lymphocytes was largely in the paracortical lymphoid area of the lymph nodes with enhanced expression in lymph nodes of HIV-1-infected methamphetamine abusers rather than infectedonly subjects. In vitro analysis of HIV-1 infection of human PBMCs revealed increased TAAR1 expression in the presence of methamphetamine. In summary, the ability of methamphetamine to activate trace TAAR1 in vitro and to regulate important T cell functions, such as cAMP activation and IL-2 production; the expression of TAAR1 in T lymphocytes in peripheral lymphoid organs, such as lymph nodes; and our in vitro HIV-1 infection model in PBMCs suggests that TAAR1 may play an important role in methamphetamine -mediated immune-modulatory responses.
Introduction
Among the various substances of abuse, METH is gaining increasing popularity among drug-abusing populations worldwide for its addictive psychostimulant effects [1, 2] . Recreational METH use is one of the fastest growing substance-abuse problems in the United States [3, 4] . METH use is associated with high-risk sexual behavior and high rates of HIV acquisition [5] .
Animal and human studies have demonstrated that METH suppresses innate and adaptive immunity [6] [7] [8] . More insights into the mechanism of action of METH have been revealed in the last decade with the discovery of the receptor(s) for METH that belong to specific families of GPCRs [9, 10] . Members of this large family of GPCRs are now referred to as TAARs, and TAAR1 is the prototypical member [11, 12] , which is activated by a broad range of monoamines and amphetamine-related psychostimulants, including METH [13, 14] .
There is substantial evidence for TAAR1 mRNA expression in the rodent and primate brain [15] [16] [17] . TAAR1 mRNA and protein expression have also been shown in other peripheral tissues, such as liver, kidney, spleen, pancreas, heart, and gastrointestinal tract, in rodent and primate models [9] , as well as in leukocyte subpopulations of mice and humans [18] . TAAR1 mRNA has been shown to be up-regulated in human PBMCs following in vitro stimulation with PHA [18] . Miller et al. [15] have pharmacologically characterized rhesus monkey TAAR1 in HEK293 cells by use of a highly sensitive CRE-Luc (cAMP response element -luciferase) assay. Activation of TAAR1 has been shown to induce cAMP, which involves phosphorylation-dependent, downstream effects of PKA and PKC pathways [9, 16] .
METH abuse has seriously impacted management of HIV-1 infection globally [8, [19] [20] [21] , as evidenced by studies of various cohorts in the United States [4, 22, 23] and around the world [24, 25] . METH abuse has been shown to be associated with high viral loads, especially in the CNS [26, 27] , development of antiretroviral resistance, and rapid progression to AIDS [28] [29] [30] [31] .
METH-induced responses mediated through TAAR1 signaling have never been studied in the context of HIV-1 infection in peripheral immune cells.
We have shown that METH induces T cell dysfunction via induction of oxidative stress and mitochondrial injury [7] . Mitochondrial dysfunction paralleled reduced IL-2 secretion and T cell-proliferative responses after TCR-CD28 stimulation, indicating impaired T cell function. In this study, we focused on the mechanisms of METH action via TAAR1 in resting (nonactivated) human T cells from normal donors. Our studies show, for the first time, a significant induction of TAAR1 mRNA and protein expression in resting T lymphocytes in response to METH. Similar to neuronal and non-neuronal cells, resting T cells induced cAMP and cAMP-dependent PKA activation upon METH treatment. With the use of a gene-silencing technique, we confirm that the signaling is mediated via TAAR1. Previously, we have reported [7] that METH decreased IL-2 production in T cells upon CD3/CD28 stimulation. In the current study, we show that METH via TAAR1 signaling modulates IL-2 production. These data suggest that METH has an important immunomodulatory effect that is likely attributable to the activity of the receptor. Furthermore, increased TAAR1 expression was seen in T cells from PBMC upon METH treatment, followed by HIV-1 infection in an in vitro infection model. We also show increased TAAR1 expression in human lymph nodes from HIV-1-infected patients with a history of METH abuse compared with non-METH abusers.
In summary, the current study clearly demonstrates the following: that 1) METH activates TAAR1 in vitro, 2) METH regulates cAMP and IL-2 production in T cells, 3) HIV-infected METH abusers express TAAR1 in T lymphocytes in peripheral lymphoid organs, such as lymph nodes, and 4) HIV-infected, METH-exposed T cells in vitro express increased TAAR1. Taken together, the study suggests that TAAR1 may play an important role in METH-mediated, immune-modulatory responses.
MATERIALS AND METHODS

Sample collection
PBMCs were isolated from leukopheresis packs (Pall, Port Washington, NY, USA) from normal donors obtained from the American Red Cross (Philadelphia, PA, USA) within 2-6 h after blood collection.
Reagents and antibodies
METH, b-PEA, and tyramine are from Sigma-Aldrich (St. Louis, MO, USA). Antibodies to human TAAR1 were obtained from MBL International (Woburn, MA, USA; LS-A2041 and LS-A2042). Fluorochrome-tagged antibodies were procured from eBioscience (San Diego, CA, USA) and BioLegend (San Diego, CA, USA; anti-human CD3, CD4, and CD8) and secondary antibodies from Invitrogen, Life Technologies (Carlsbad, CA, USA). Reagents for PCR were from Applied Biosystems (Life Technologies, Carlsbad, CA, USA).
T cell isolation and culture
PBMCs were obtained by Ficoll-gradient centrifugation of blood eluted from leukophoresis packs. T cells were isolated by use of a Pan T Cell Isolation Kit (Miltenyi Biotec, San Diego, CA, USA; purity was .98% by this method; data not shown). T cells (1 3 10 6 /ml) were cultured in X-Vivo 20 medium (Lonza, Walkersville, MD, USA), supplemented with 1% heatinactivated normal human serum, 20 mg/ml gentamycin, and 2 mM glutamine. The concentration of METH used (100 mM) was based on our previously published dose-response studies that produced a maximum biologic response without causing toxicity [7] .
qRT-PCR
Pan-isolated T cells (1 3 10 6 /ml) were stimulated with 100 mM METH or 100 mM b-PEA for 4, 6, and 8 h and harvested for RNA extraction by use of an RNA Extraction Kit (Qiagen, Germantown, MD, USA). RNA was extracted, per the manufacturer's protocol, including DNase treatment. cDNA was made by use of 1 mg RNA template and proceeded to real-time PCR by use of TaqMan probes for TAAR1 (Applied Biosystems, Life Technologies). Real-time PCR was run in a StepOnePlus PCR thermocycler (Applied Biosystems, Life Technologies). GAPDH was used as the housekeeping gene. The DD comparative threshold method was used to calculate the fold change in TAAR1 expression compared with untreated control.
Confocal imaging
Total PBMCs were treated with METH, b-PEA, or tyramine for 24 h and were harvested and plated on poly-D-lysine-coated coverslips and allowed to adhere for 1 h at 37°C. Cells on coverslips were fixed with methanol/acetone (1:1) for 20 min at 220°C. Cells were then blocked with 3% BSA + 0.1% Triton X-100 in PBS for 15 min at room temperature. After blocking, cells were incubated with mouse anti-human CD3 (1:100; BioLegend) and rabbit anti-human TAAR1 (10 mg/ml; MBL International; LS-A2041) primary antibodies for 1 h at room temperature. Cells were then incubated with donkey anti-mouse Alexa Fluor 594 (1:400; Invitrogen, Life Technologies) and donkey anti-rabbit Alexa Fluor 488 (1:400; Invitrogen, Life Technologies) secondary antibodies for 1 h at room temperature. Samples were washed and mounted on glass slides by use of ProLong Gold + DAPI reagent. Immunofluorescently labeled T lymphocytes were imaged at the Temple University Confocal Imaging Facility by use of a Leica SP5 confocal microscope.
Flow cytometry
Total PBMCs (1 3 10 6 /ml) were cultured in complete RPMI-1640 medium, supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, and 20 mM HEPES (Life Technologies, Carlsbad, CA, USA) for 24 h, with or without 100 mM METH, tyramine, or b-PEA. Cells were harvested and stained with purified rabbit anti-human TAAR1 (1:100 dilution; MBL International), followed by allophycocyanintagged anti-rabbit secondary, along with FITC-tagged anti-human CD3, PEtagged anti-human CD4, and eFlour 450-tagged anti-human CD8. 
Immunohistochemistry and image analysis
Immunohistochemistry analysis was performed to determine the expression of TAAR1 receptors in lymph nodes from HIV-1-infected patients, with or without a history of METH abuse. Paraffin-embedded samples were procured from the core facility at the Medical Center at the University of California, San Diego (San Diego, CA, USA), from which 5 mm serial sections were obtained and glass-slide mounted. Sections were heat-induced epitope retrieval antigen retrieved by use of pH 6.0 citrate buffer (Cat. #S1700; Dako, Carpenteria, CA, USA) and subsequently probed for p24, TAAR1, and CD3 expression in a sequential manner by use of Vector Laboratories-labeled polymer ImmPRESS HRP and ImmPRESS-AP detection systems (Vector Laboratories, Burlingame, CA, USA). As a result of the use of multiple systems, both endogenous peroxidase and alkaline phosphatase activity were quenched (Bloxall; Vector Laboratories) before normal serum blocking. Sections were then incubated overnight at 4°C in mouse anti-human p24 (1:8 dilution, Cat. #M0857, Clone Kal-1; Dako), followed by detection with anti-mouse ImmPRESS HRP and visualization with ImmPACT DAB (Vector Laboratories). Sections were reblocked and incubated in rabbit anti-human TAAR1 (1:1200 dilution, Cat. #MC-2041; MBL International) for 45 min at room temperature, followed by detection with anti-rabbit ImmPRESS-AP and visualization with Vector Blue (Vector Laboratories). Sections were then reblocked and incubated overnight at 4°C in mouse anti-human CD3 (Ready-to-Use, Clone PS1; Novocastra, Buffalo Grove, IL, USA), followed by detection with anti-mouse ImmPRESS-AP and visualization with Vector Red. Sections were rinsed, dehydrated, cleared, and permanently mounted (VectaMount; Vector Laboratories) for bright-field microscopy. Slides were reviewed by use of a Nikon 80i upright microscope configured to a DS-Fi2 color camera (Nikon Instruments, Melville, NY, USA). Images were acquired by use of the NIS Elements imaging software (Nikon).
Image analysis was performed with an automated cell-counting macro by use of ImageJ 1.48v image processing and analysis software (U.S. National Institutes of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/). Particle counting was performed on high-resolution images (3/case, taken at 103 objective magnification) on double (CD3 and TAAR1)-and triple (CD3, TAAR1, and p24)-immunolabeled cells. In ImageJ, the images were calibrated and then sequentially processed for background subtraction, color threshold segmentation, and binary conversion (with application of the watershed function). Cells identified from the above parameters in an area of 5.61 3 10 5 mm 2 were counted by use of the analysis particles function (selected on the basis of particle area and circularity).
HIV-1 infection of PBMC
Ficoll-separated total PBMCs (1 3 10 6 /ml) from normal donors were first activated for 72 h with PHA (2.5 mg/ml) and then infected with HIV-1-1 ADA at a multiplicity of infection of 0.01-0.1 virus particles/target cell for 4 h [34] with polybrene (10 mg/ml) [35] . Following incubation, cells were washed and cultured in fresh RPMI-1640 medium, supplemented with 10% FBS, antibiotics, and 20 U/ml IL-2 (Advanced Biotech, Totowa, NJ, USA) in the presence or absence of 100 mM METH for 6 days. In some experiments, PBMCs were also treated with METH, 24 h before HIV-1 infection. Treatments were maintained for 6 d, with half-medium replacement on d 3 after HIV-1 was added to the cells.
Analysis of HIV-1 infection
Culture supernatant was collected on d 6 and stored at 280°C until it was assayed for HIV-1 RT activity. The HIV-1 RT assay is a radiometric assay designed for the quantitative measurement of RT activity in cell culture and was performed as described previously [35] . HIV-1 p24 expression was analyzed by flow cytometry. Total PBMCs were stained for HIV-1 p24 antigen by use of BD Coulter KC57-FITC antibody (Beckman Coulter, Indianapolis, IN, USA) and for CD3 by use of mouse anti-human CD3-PE/Cyanine7 (eBioscience). Cell death staining was performed by use of Fixable Viability Dye eFluor 780 from eBioscience. Twenty-thousand events were collected for each sample and analyzed by FlowJo software. ELISA for p24 detection was also performed on the HIV-infected culture supernatants to confirm infection and how METH modulated the p24 levels. The HIV p24 antigen capture assay kit was purchased from ABL (Rockville, MD), and assay was performed per the manufacturer's instructions.
Western blotting
PBMCs were harvested on d 6 post-HIV-1 infection and analyzed for TAAR1 by Western blotting. In brief, whole-cell lysate of total PBMC was made with CelLytic M (Sigma-Aldrich) buffer. Protein concentration was measured by bicinchoninic acid assay (Pierce, Rockford, IL, USA). SDS-PAGE and Western blot analysis were performed as described previously [7, 36] . TAAR1 was detected by use of anti-human rabbit polyclonal TAAR1 antibody.
Statistical analysis
Data were analyzed by use of Prism software (GraphPad Software, San Diego, CA, USA). One sample t test, two-tailed Student's t test, or one-way ANOVA, as appropriate, was used as statistical test for different sets of experiments and considered significant values at P , 0.05 (see figures for other significance values).
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RESULTS
METH increases TAAR1 gene expression in resting human T cells
TAAR1 expression has been classically demonstrated primarily in the brain [12, 16] . Subsequent studies have shown evidence in different cell types in rodent, primate, and human models [18, [37] [38] [39] . We followed a time course of up to 8 h to test induction of TAAR1 mRNA in Pan-isolated T cells from PBMCs from different donors after METH treatment (Fig. 1) . Although there were appreciable differences in the level of TAAR1 mRNA in the different donors tested (n = 5), the increase in TAAR1 expression at 6 h was highly significant (P , 0.001; Fig. 1) . Interestingly, in all of the donors tested, we consistently observed a huge induction of TAAR1 mRNA upon METH treatment at 6 h (up to ;300-fold up-regulation over untreated control), which dropped drastically at 8 h (Fig. 1) . b-PEA, a well-known ligand of TAAR1, consistently induced high TAAR1 expression in T cells at 8 h. The TAAR1 gene was constitutively expressed in 3 out of 5 donors tested (data not shown), confirming the observations by Babusyte et al. [33] . The huge variation in TAAR1 gene expression induced by METH was also attributable to the variation in the baseline-level expression of TAAR1 in the different individuals.
METH increases TAAR1 protein expression in human T cells from normal donors
Increased expression in TAAR1 has been shown in total lymphocytes and in B cell lines [16, 18, 33] upon stimulation with biogenic amines [17] . CD4 + T cells are prime targets for HIV-1 infection [40, 41] . It is now well established that METH abuse increases HIV-1 infection [42, 43] . Therefore, we first sought to explore effects of METH on TAAR1 expression on resting T cells, that is, the primary signaling pathway downstream of METH stimulation. We analyzed the expression of TAAR1 on primary human PBMCs stimulated with METH or known, potent agonists of TAAR1, b-PEA, or tyramine [44] by use of confocal microscopy and flow cytometry. PBMCs treated with tyramine (100 mM), b-PEA (100 mM), and METH (100 mM) showed significant increases in TAAR1 expression in T cells compared with untreated control cells (Fig. 2) . Flow cytometric analyses (Fig. 3) also showed increases in TAAR1 expression in CD4 + and CD8
+ T cell subsets after 24 h stimulation. Stimulation with METH potently increased TAAR1 expression in T cells, similar to b-PEA and tyramine. The strongest induction was with b-PEA (Fig. 3A) . In our hands, TAAR1 antibodies LS-A2041 and -A2042 performed optimally for flow with good cell-surface staining, as well as good detection by confocal microscopy. Interestingly, a greater percentage of CD8 + T cells constitutively expressed TAAR1 on their cell surface rather than CD4 + T cells without any stimulation (Fig. 3B) .
Together, the data for the protein expression of TAAR1 suggest that TAAR1 plays a role in modulating T cell responses to METH, as other biogenic amines, such as tyramine and b-PEA [44] .
METH induced cAMP and cAMP-dependent protein kinase activity in resting T cells from normal donors via TAAR1
An increase in cAMP and cAMP-dependent PKA activation is a classic response to TAAR1 activation and has been demonstrated in HEK293 cell lines, immortalized rhesus monkey B cells, PHAactivated rhesus monkey lymphocytes [38] , and neurologic cell types [45] . TAAR1-dependent phosphorylation of PKA and PKC has been shown in these studies. Whereas other groups have shown PKA activation upon METH in PHA-activated total lymphocytes, in this report, we demonstrate that METH, upon TAAR1 signaling, increased cAMP levels in resting human T cells. cAMP levels increased on T cells stimulated with METH for 30 min-1 h, as indicated by the increase in the MFI compared with control ( Fig. 4A) . Forskolin was used as a positive control. Phosflow analysis of METH-induced cAMP increase and subsequent PKA activation on T cells was measured by use of an antibody to pPKA RIIa (pS99), which is a regulatory subunit of PKA. An increase in cAMP decreases phosphorylation of PKA RIIa. This is demonstrated by the shift in fluorescence intensity to the left in the histogram, showing decreased MFI (Fig. 4B) . Treatments with METH and the positive control forskolin decreased the MFI compared with the control, suggesting that METH induces activation of cAMP on T cells.
METH-induced cAMP and IL-2 production by T cells is TAAR1 dependent
To demonstrate that TAAR1 regulated METH-induced responses in T cells, we resorted to a gene-silencing technique and used cAMP production and IL-2 production, the 2 major classic responses of T cells upon METH stimulation, as readouts. We used the TAAR1 siRNA sequence referenced in Babusyte et al. [33] and used INTERFERin transfection reagent and obtained a very good TAAR1 gene knockdown (up to 90%; Fig. 5A ). Gene expression was assessed by qPCR by use of the GAPDH housekeeping gene as reference. By the gene-silencing technique, we confirm that the induction of cAMP is mediated via TAAR1 (Fig. 5B) , as seen by a significant decrease in cAMP induction in the absence of TAAR1 compared with scrambled control. Forskolin, which increases intracellular levels of cAMP by activating enzyme adenylyl cyclase, remained unaltered, further confirming that METH via TAAR1 induces cAMP levels in human T cells. As a measure of T cell effector function, we measured IL-2 in the supernatant of siRNA-treated cultures that were stimulated with soluble CD3/CD28 in the presence or absence of 100 mM METH. Earlier, we have shown that METH decreased IL-2 production by T cells upon CD3/CD28 stimulation [7] . Knockdown of TAAR1 siRNA reversed the effect of METH on IL-2 as opposed to the scrambled siRNA control (Fig. 5C ), suggesting that IL-2 production, a key cytokine produced by T cells, is regulated by TAAR1, implicating a very important role of TAAR1 in modulating T cell responses.
METH abusers with HIV-1 infection have increased TAAR1 expression in their lymph nodes
METH-induced modulation of immune responses in HIV-1 infection has a huge impact on treatment interruption and on the pathogenesis of HIV-1 infection itself [5, 46] . It is important to study the effects of this drug on the immune response in the context of understanding the biology, as well as in viral infections, especially HIV-1 infection, along with chronic drug abuse. Paraffin-embedded lymph node tissue was sectioned at 5 m and immunostained for CD3, TAAR1, and the HIV-1 core protein p24, shown in Fig. 6 . As shown in the multiplexed images (Fig. 6) , evaluation of TAAR1 expression (blue) on the CD3 T cells (red) and p24 (golden brown) was performed on paraffin-embedded lymph node sections of HIV-1-infected patients (10 male patients and 1 female patient), obtained from the California NeuroAIDS Tissue Network, University of California, San Diego. The mean age of patients with and without a history of METH abuse was the following: METH-negative group, 54 6 10 yr; METH-positive group, 39 6 9 yr, respectively. The mean HIV-1 plasma viral load (Log 10) was the following: METH-negative group, 3.85 6 2.07; METH-positive group, 4.41 6 1.70. Among the METH-positive, HIV-infected patients, 3 cases had no alcohol dependence nor other drug dependence, whereas the other 4 cases had past alcohol dependence; 1 of these patients also had other drug dependence. One of the 4 HIV patients from the METH- negative group was alcohol dependent at the time the samples were collected but had no history of other drugs of abuse.
Numerous T lymphocytes in the paracorticular area had detectable TAAR1 expression in the cytosolic, membranous, or both cellular compartments (examples are denoted as "Double" positive by the arrows). Individual T cells, stained double positive for CD3 and TAAR1 in the seronegative HIV-1 control, did not show any p24 immunostaining (Fig. 6A) . In HIV-1 (Figures 6B-D) and HIV-1 with METH abuse cases (Fig.  6E-G) , there was an appreciable increase in TAAR1 detection (number of cells) and in expression (strength of staining). Cases from HIV-1-positive individuals with a known history of METH abuse showed a greater number of double-and triplepositive cells (indicated by arrows under "Triple" positive) compared with HIV-1-only cases (Fig. 6H) . These findings of increased expression of TAAR1 in T lymphocytes in the peripheral lymphoid organs, such as lymph nodes, suggest that TAAR1 may play a role in METH-mediated, immune-modulatory responses.
METH increases TAAR1 expression in the presence of HIV-1 infection
Several studies have examined the effects of METH during HIV-1 infection in different models [27, 40, 47] . We report, for the first time, an increase in TAAR1 expression in total PBMCs that were exposed to METH before infection with HIV-1 (Fig. 7) . Western blot analysis of TAAR1 in total PBMC infected with HIV-1 in the presence or absence of METH for 24 h revealed an increase in TAAR1 expression ( Fig. 7A and B) . With the use of p24 analysis by ELISA from supernatants of HIV-infected PBMC in the presence or absence of METH, we confirm that p24 levels were increased in the HIV-infected cells exposed to METH (Supplemental Fig. 1A) . HIV-RT analysis also showed an increase in HIV-1 RT activity in METH-treated and HIV-1-infected cells compared with HIV-1-infected cells alone (Supplemental Fig. 1B) . METH increased HIV-1 p24 expression in CD3 + T cells, as seen by the increase in the percentage of p24-positive T cells, as assessed by flow cytometry (2.9% in HIV-1 alone vs. 4.5% in METH + HIV-1; Supplemental Fig. 1C) . Overall, these data highlight a plausible association among TAAR1 expression, METH, and HIV-1 infection. Whereas these observations are noteworthy, further investigation is warranted to define the role of TAAR1 in HIV-1 infection, if any.
DISCUSSION
Since its discovery in 2001, TAAR1, a GPCR that is potently activated by trace amines, has gained a lot of attention, especially as a potential therapeutic target for psychiatric disorders [14, 48] . Among the various TAARs, TAAR1 is the most extensively studied molecule; its potential agonists, cellular expression, signaling cascades, brain regional distribution, and modulatory function in monoaminergic systems are very well established [9, 10, 15, 49] . Whereas a lot of studies in the last decade have focused on analyzing TAAR1 expression in cells of the CNS [12, 16, 17] , it is only recently that the importance of TAAR1 in non-neuronal cells and immune cells in the periphery has been addressed [33, 38] . However, so far, no study has investigated the role of TAAR1 in resting/nonactivated primary human T cells exposed to METH and in the context of HIV-1 infection. Our findings are novel in this regard.
The TAAR family is comprised of 9 mammalian TAAR subtypes, with intact genes and pseudogenes differing considerably, even between closely related species [50] . Mouse and human TAAR1 is expressed in many tissues except olfactory epithelium, where other TAARs may play a role [44] . TAAR1 and TAAR2 are expressed in human lymphocytes from peripheral blood [33] . Miller and colleagues [51] have studied the functional evolution of TAAR1 and report expansion (in rodents) or reduction (in primates) of members of the gene family. In this study, we report, for the first time, TAAR1 + T cells in TAAR1 siRNA-treated PBMC versus scrambled siRNAtreated PBMC for each treatment. TAAR1 knocked down PBMCs showed significantly less cAMP expression compared with scrambled control siRNA (*P , 0.05), whereas forskolin-treated cells responded the same to both scrambled and TAAR1 siRNA. (C) Cells that were treated with siRNA were further treated with METH (100 mM) for 30 min and then stimulated with soluble CD3/CD28 antibodies and cultured for another 24 h. Supernatants were concentrated and analyzed for IL-2 by use of the MSD human IL-2 ELISA kit. The bar graph represents fold change from scrambled control. A significant increase (**P , 0.01) in the IL-2 levels was observed in the absence of TAAR1. expression and kinetics in resting human T cells upon METH stimulation. We observe that METH potentially increases TAAR1 gene and protein expression, as do other amines, such as b-PEA or tyramine, whereas the kinetics of induction may be different. A recent study shows constitutive expression of TAAR1 and TAAR2 in peripheral mononuclear cells and T and B cells [33] . Some functions, such as chemotaxis, have been tested by use of an siRNA knockdown system [33] . It will be interesting to study the expression of TAAR2 upon METH treatment and if it coexpresses with TAAR1 to bring about immune responses in T cells.
Several studies reveal that METH profoundly interferes with immunologic networks and affects diverse leukocyte subsets, thereby increasing susceptibility to infection [6, 7, 52, 53] . However, there has been no systematic approach to dissect out further the role of the primary receptor TAAR1 in METH-induced alterations in immune cell subsets in humans or in animal models. Our study, for the first time, reveals that TAAR1 protein is increased in CD4 + and CD8 + T cells upon METH stimulation, as well as with other classic biogenic amines that signal through TAAR1. Interestingly, there is an increased constitutive expression of TAAR1 in CD8 + T cells compared with CD4 + or CD3 + subsets. The biologic significance and functional consequence of this increased expression of TAAR1 in CD8 + T cells are unknown and need further investigation. As this constitutively increased TAAR1 expression on CD8 T cells may have important relevance on the ability of CD8 to fight viral infections, the observation warrants further investigation. How TAAR1 regulates CD8 T cell function in a viral infection may be important to understand, as our study shows that METH increases TAAR1 in CD4 and CD8 subsets, but we speculate that they may be differentially regulating the T cell functions in both subsets. TAAR1 activation is followed by a very high induction of cAMP, which has been demonstrated by several groups [12, 13, 15] . Significant increases in the phosphorylation of PKA and PKC following the METH-TAAR1 interaction have been demonstrated in activated total lymphocytes [38] .
In our earlier study, we showed that METH increased reactive oxygen species in T cells that are downstream of the cAMP pathway and inhibited the ability of the T cells to proliferate in response to stimulation, as assayed by measuring IL-2 secretion [7] . In this report, we demonstrate direct activation of cAMP and cAMP-dependent PKA activation in resting T cells upon METH stimulation by studying the induction of cAMP and phosphorylation of protein kinase that is immediately downstream in the signaling pathway. With the use of TAAR1 knockdown experiments, we demonstrate further that induction of cAMP, the classic downstream event after METH stimulation in T cells, is regulated by TAAR1. We also confirm, with the use of TAAR1 gene silencing, that METH stimulation via TAAR1 regulates the production of IL-2 in T cells. This is a very important finding and points to a pivotal role of TAAR1 in regulating T cell immune responses.
METH-and HIV-1-regulated TAAR1 expression and increased cAMP levels have been demonstrated recently in astrocytes [42] . Intracellular cAMP is thought to inhibit T cell activation and proliferation via activation of the cAMP-dependent PKA, and among the several immunologic factors that contribute to susceptibility to HIV infection, increasing evidence suggests that cAMP and downstream signaling via PKA play a crucial role [54] . In addition, PKA regulates cell proliferation via alteration of the cyclin/cyclin-dependent kinase complex [55, 56] . Interestingly, our unpublished data from characterization of the METH effects on T cell cycle entry and progression show that it results in altered cell-cycle entry and progression and decreased expression of cell-cycle progression markers (cyclin and cyclindependent kinase) of CD4 + and CD8 + T cells. This study underscores the effects of METH on the primary peripheral T cells and the probable role of TAAR1 to alleviate further susceptibility to HIV infection by increasing cAMP. Future TAAR1 molecular studies in primary human T cells could further corroborate the role of TAAR1 receptor-mediated immune regulation in the context of HIV.
The association of METH with risky sexual behavior and spread of sexually transmitted diseases, such as HIV-1, is a major public health concern [4, 22] . Considerable evidence exists linking drug abuse to immune dysregulation and enhanced susceptibility to the progression of chronic infections, such as HIV-1 [21] . METH has been shown to increase HIV-1 replication in dendritic cells [43] and monocyte-derived macrophages [47] . METH has also been suggested to activate HIV-1 long terminal repeat promoter-mediated transcription [57] . Mantri et al. [40] recently reported that increased doses of METH inhibited HIV-1 replication in primary CD4 + T cells by induction of microRNAs.
The time of METH exposure varied in all of these studies [40, 43, 47] . None of these studies addressed the role of TAAR1, and therefore, we studied the expression of METH-induced TAAR1 in the context of HIV infection in T cells. In our model, we exposed total PBMCs to METH for 24 h and then infected them with HIV-1 and continued to give METH every other day to simulate chronic exposure until the cells were harvested at different time points. We used p24 as a marker of HIV infection.
We did see an increase in HIV-1 p24 expression levels in T cells pretreated with METH, as assessed by ELISA and flow cytometry (Supplemental Fig. 1 ). We also report, for the first time in this study, that METH, in the presence of HIV-1 infection, increases TAAR1 expression in peripheral blood cells. Our analysis of lymph node sections clearly shows increased TAAR1 expression in HIV-1 patients with a history of METH abuse compared with HIV-1 patients with no history of METH abuse. The potential association between the impact of substance abuse on the host factors that affect immune response and the risk for infection with HIV and sexually transmitted diseases is dependent on multiple compounding factors, along with potential confounders. The immune system of HIV patients with drug-abuse history is notably affected by the various drugs and can greatly affect the interpretation of effects of each drug studied independently [36] . Nevertheless, the enhanced expression of TAAR1 in the lymph nodes of METH users compared with those with no METH history underscores the plausible role of TAAR1 in mediating METH-induced immune dysregulation. Taken together, our findings highlight the potential role of TAAR1 in HIV-1 infection and analyzing its role as an immune modulator. In summary, our data suggest a role for METH-induced TAAR1 expression in regulating T cell immune responses. Further investigation of the role of TAAR1 in regulating HIV-1 pathogenesis, especially in the periphery, can have a major impact in therapeutic approaches to control HIV-1 infection, especially in the context of drug abuse. Studies with humanized mouse models can be helpful to dissect out further the TAAR1-mediated pathways. 
